Background: Although alcohol misuse is associated with deleterious outcomes in critically ill patients, its detection by either self-report or examination of biomarkers is difficult to obtain consistently. Phosphatidylethanol (PEth) is a direct alcohol biomarker that can characterize alcohol consumption patterns; however, its diagnostic accuracy in identifying misuse in critically ill patients is unknown.
A CCORDING TO THE Centers for Disease Control and Prevention (CDC), alcohol misuse is a leading cause of premature mortality in the United States and is attributable to 1 in 10 deaths in working-age adults (Stahre et al., 2014) . CDC criteria for alcohol misuse are met when alcohol consumed exceeds the lower risk limits of daily and/ or weekly alcohol use (Bouchery et al., 2011) . Patients with alcohol misuse arriving to the hospital in critical condition develop more complications, have longer recovery times, develop organ dysfunction more frequently, and are at an increased risk for death (Afshar et al., 2014 (Afshar et al., , 2015 Clark et al., 2013; Griffin et al., 2009; Mokdad et al., 2004; O'Brien et al., 2007; Saitz et al., 1997; Silver et al., 2008) . Therefore, methods to facilitate prompt identification of alcohol misuse would be helpful in prognostication of outcomes among hospitalized patients.
Current methods to identify alcohol misuse in critically ill patients are fraught with problems. Methods relying on measurement of alcohol biomarkers, such as blood alcohol concentration (BAC), have poor accuracy in the detection of alcohol misuse. For example, although 30% of trauma patients present with an elevated BAC, this may reflect multiple patterns of alcohol consumption, ranging from heavy daily use to intermittent binge (Afshar et al., 2015) . Not surprisingly, clinical studies relying on BAC in health outcomes have reported mixed results (Friedman, 2012; Jurkovich et al., 1993; Shandro et al., 2009) .
Indirect alcohol biomarkers such as gamma-glutamyl transpeptidase (GGT), carbohydrate-deficient transferrin (CDT), and mean corpuscular volume (MCV) are confounded by sex, age, nonalcohol comorbidities, and acute organ dysfunction (Wurst et al., 2015) that are commonly present in critically ill patients. Ethyl glucuronide and ethyl sulfate are promising direct alcohol biomarkers, but their values may be confounded by acute kidney injury, or diminished after large volume resuscitation (Hoiseth et al., 2012; Wurst et al., 1999) that is commonly employed in critically ill patients. Self-report methods to quantify alcohol consumption, such as the Alcohol Use Disorders Identification Test (AUDIT), are the current standard for identifying alcohol misuse at many medical centers with Screening, Brief Intervention, and Referral to Treatment (SBIRT) programs. However, self-report AUDIT in critically ill patients is often difficult to obtain routinely due to altered mental status and lack of capacity common to critically ill patients when they are initially admitted to intensive care.
In contrast, phosphatidylethanol (PEth) homologues are direct alcohol biomarkers with longer half-lives than BAC and are not altered by organ dysfunction (Wurst et al., 2015) . PEth homologues are a group of phospholipids formed primarily in the red blood cell membrane from phosphatidylcholine in the presence of alcohol by the enzyme phospholipase D. They have a half-life of approximately 4 to 10 days with detection windows up to 3 weeks in active drinkers with alcohol use disorders (AUD) (Winkler et al., 2013) . PEth has been validated to identify harmful consumption patterns in a variety of settings including forensic pathology, treatment programs, motor vehicle assessment programs, and prenatal screening (Bakhireva et al., 2014; Helander et al., 2012; Marques et al., 2011; Schrock et al., 2016) . Recently, clinical laboratories in Sweden have instituted a cut-point level at 210 ng/ml for excessive alcohol consumption (Helander and Hansson, 2013) . However, evaluation of PEth as a marker for alcohol misuse in hospitalized settings is lacking, and sparse data are available regarding critically ill patients.
Despite a growing body of evidence for PEth in outpatient and community settings, no test characteristics exist to identify alcohol misuse in critically ill patients where health outcomes can be acutely and severely impacted. The aim of this study was to examine the utility of PEth to identify an alcohol misuse phenotype that can be inclusive of multiple patterns of harmful alcohol consumption, including moderate and severe alcohol misuse, with a focus on the critically ill. We hypothesize that PEth can discriminate alcohol misuse in critically ill patients.
MATERIALS AND METHODS

Individuals and Settings
This was a multicenter mixed cohort of 122 individuals prospectively recruited between 2014 and 2016 from either (i) hospital burn or medical intensive care units (ICUs), (ii) an inpatient alcohol detoxification unit, along with (iii) healthy control subjects. The medical and burn ICUs included sites at University of Colorado Denver and Loyola University Chicago. Burn patients included were those with >15% burn injury or suspected inhalation injury admitted to a burn ICU at either the University of Colorado Hospital in Denver, CO (UCD), or Loyola University Medical Center in Chicago, IL (LUC). Exclusion criteria included any of the following: age <18 years of age; expected to die within 48 hours of admission; admitted >24 hours after injury; and pregnancy. Patients admitted to the medical ICU at UCD who were included were those with respiratory failure requiring invasive mechanical ventilation. Exclusion criteria for these patients were as follows: age <18 years or >90 years of age; pregnancy; organ transplant; chronic immunosuppression; prior respiratory disease; patients at-risk for increased intracranial pressure; or expected survival of <6 months. Blood was obtained from patients with critical illness within 36 hours of their ICU admission under a waiver of consent. Ambulatory individuals (AUD individuals and controls) completed the AUDIT survey with the oversight of trained clinical research coordinators who routinely perform AUDIT surveys in the outpatient setting, including in an alcohol detoxification facility. In the critical care setting, the capacity of patients to undergo the informed consent process was assessed daily by trained research personnel who are experienced in clinical research in the ICU. Once a patient regained capacity in the opinion of the research personnel, this was additionally confirmed by the patient's care provider (usually a registered nurse). Patients determined to have capacity were then approached to complete the informed consent process for research. Once informed consent was obtained, the AUDIT survey was completed with the support of trained research personnel.
The control and alcohol detoxification cohorts had previously been enrolled in a protocol to examine the impact of harmful alcohol use on organ dysfunction. Recruitment for these studies focused on determining differences referable to AUDs in individuals who were otherwise healthy in comparison with healthy controls, matched on age, gender, and smoking habits. The exclusion criteria for the control and alcohol detoxification cohorts were intended to provide case-control groupings as part of a NIAAA-funded project to support clinical studies in alcohol research. Individuals with an AUD were recruited from the Denver Comprehensive Addictions Rehabilitation and Evaluation Services Center, affiliated with the Denver Health and Hospital System in Denver, CO. Inclusion criteria included any of the following: AUDIT score of ≥8 for men or ≥5 for women (Reinert and Allen, 2007) ; age ≥21 years. Control individuals without AUDs were recruited via approved flyers posted on the university campus and by print and electronic mail advertisements in the Denver metropolitan area. The control individuals underwent an informed consent process that first began with telephone screening regarding health history. On the telephone, they were told that the study was designed to examine the health of their lungs; they were not told that alcohol consumption (or not) was an additional qualification. After answering questions related to lung and general health via phone, an AUDIT score was completed by the subjects. Elevated AUDIT scores resulted in exclusion from the study. Both AUD and control individuals who were found to have any of the following were excluded: liver disease, gastrointestinal bleeding, left ventricular ejection fraction <50%, myocardial infarction, severe valvular dysfunction, end-stage renal disease requiring dialysis, serum creatinine ≥2 mg/dl, diabetes mellitus, HIV, or lung disease defined as an abnormal chest radiograph, concurrent illicit drug use, pregnancy, or abnormal nutrition status.
The Institutional Review Boards of UCD and LUC approved this study. Ambulatory individuals provided written informed consent before participating, while critically ill individuals completed the informed consent process after regaining capacity to consent.
Definitions and Reference Standards for Alcohol Assessment
In this pragmatic design, we incorporated the AUDIT as the current reference standard from hospitals that care for acutely ill patients and as such have SBIRT programs. The term alcohol misuse using the AUDIT is applied in this study for the following reasons: (i) it represents excessive consumption that exceeds the lower risk limits, (ii) the term is used by national health organizations (Coombes, 2009; Moyer, 2013) , (iii) it is associated with deleterious outcomes (Reisinger et al., 2015) , and (iv) it has good construct validity (Reinert and Allen, 2007) . The 10-item AUDIT is a screening questionnaire developed by the World Health Organization to discriminate alcohol consumption above the lower risk limits (Saunders et al., 1993) , and it has been validated in both inpatient and outpatient settings (Bradley et al., 2007; MacKenzie et al., 1996) . The AUDIT score ranges from 0 to 40 and correlates clinically with different categories of alcohol misuse (Reinert and Allen, 2007; Saunders et al., 1993) with sex-specific cut-points having better validation (Neumann et al., 2004 ). An AUDIT score above the sex-specific cut-points (≥5 and ≥8 for females and males) covers a wide spectrum of alcohol problems, ranging from hazardous alcohol use, abuse, or harmful consumption, to dependence and AUD (Reinert and Allen, 2007; Saunders et al., 1993) . In accordance, we defined the lower risk limit of any alcohol misuse as an AUDIT score ≥5 and ≥8 for females and males, respectively. Severe alcohol misuse is defined as an AUDIT score ≥13 and ≥16 for females and males, respectively (Clark et al., 2013; Donovan et al., 2006; Saunders et al., 1993) . The AUDIT-C, an abbreviated tool, consists of the first 3 full AUDIT questions quantifying alcohol consumption, and has been shown to have good test characteristics for assessing alcohol misuse in acutely ill patients (Reisinger et al., 2015) . The AUDIT-C was used as another reference in this investigation to address only the questions around quantification of alcohol consumption (Hahn et al., 2016) . AUDIT-C scores of ≥3 and ≥4 were used for females and males, respectively, for the lower risk limit of any misuse, while scores of ≥6 and ≥8 were used to define severe misuse (Reisinger et al., 2015; Rubinsky et al., 2013) . Blood alcohol concentration (mg/dl) was also collected as part of routine clinical assessment in the critically ill cohort.
Dried Blood Spot Collection and PEth Laboratory Analysis
Dried blood spot (DBS) collection was obtained from wholeblood venipuncture samples within 36 hours of hospital presentation. DBS was stored at room temperature in a bloodspot drying box prior to shipment. Specimens were analyzed at United States Drug Testing Laboratories using a previously published method (Jones et al., 2012) . The method monitored a single isomer of PEth (palmitoyl/oleoyl), which is a phospholipid containing 16:0 and 18:1 fatty acids and is the most prevalent PEth homologue in human blood (Faller et al., 2013) .
Analysis Plan
In univariable analysis, continuous variables were evaluated as medians with interquartile ranges and analyzed using either Wilcoxon rank-sum or Kruskal-Wallis nonparametric tests. Categorical variables were analyzed using chi-square or Fisher's exact tests. These tests were performed as descriptive statistics between study cohorts. In addition, the Kruskal-Wallis test was applied to examine PEth levels between alcohol groups. Bonferroni adjustment was applied for multiple comparisons between groups of alcohol misuse. The Pearson product-moment correlation coefficient was used to test the correlation between AUDIT and PEth. Odds ratios and 95% confidence intervals (CIs) for alcohol misuse associated with PEth and adjusted by age, sex, and race were evaluated in logistic regression model.
Odds ratios and 95% CIs for alcohol misuse associated with each predictor were also evaluated in separate mixed-effects logistic regression models with random intercepts to account for study location and site (ICU vs. non-ICU; UCD vs. LUC). Discrimination of PEth was evaluated using the area under the receiver-operating characteristic (ROC) curve in mixed-effects logistic regression with both the AUDIT and the AUDIT-C as the reference. ROC curves were also shown for the critically ill subgroup (the cohort of interest for this study) in fixed logistic regression.
Optimal cut-point levels were derived using the highest Youden indices (J) to maximize accuracy and minimize error, particularly false positives. This method has previously been shown to retain the intended, unbiased meaning for diagnostic accuracy, whereas other methods in choosing cut-points may differ due to investigator bias (Perkins and Schisterman, 2006) . The area under the ROC curves was computed for the derived cut-points and 5,000 bootstrap samples were used (Steyerber et al., 2001 ) to estimate the 95% CIs for the cut-points. Analysis was performed on the overall sample and for subgroups by age, sex, and race. Sensitivity, specificity, positive predictive value, and negative predictive value were calculated for the derived cut-points in the discrimination for any alcohol misuse and severe misuse as defined by the AUDIT and the AUDIT-C references. Test characteristics for the PEth cut-points were also examined in the critically ill cohort only. Analysis was performed using SAS version 9.4 (SAS Institute, Cary, NC).
RESULTS
The mixed cohort consisted of 27.1% (n = 33) critically ill patients from the medical and burn ICUs, 41.8% (n = 51) patients from an inpatient alcohol detoxification unit, and 31.1% (n = 38) healthy controls. The median age of the cohort was 43.5 (interquartile range [IQR] 36 to 50) and 76.2% (n = 93) were male (Table 1) . Alcohol misuse, defined by AUDIT scores ≥5 for females and ≥8 for males, was present in 51.6% (n = 63) of the cohort. The median PEth level of the mixed cohort was 216 ng/ml (IQR 8 to 887). Among the critically ill cohort, 27.3% met criteria for any level of alcohol misuse. PEth levels by category of alcohol misuse are displayed in Fig. 1 . Median PEth values were significantly different among groups (p < 0.001). In analysis with adjustment for multiple comparisons, intergroup differences in median PEth levels (no misuse vs. moderate misuse, moderate misuse vs. severe misuse, and no misuse vs. severe misuse) were significant as well (p < 0.01 for all comparisons).
PEth levels as a continuous measure had a positive correlation with the AUDIT score (Pearson's productmoment correlation coefficient at 0.52, p < 0.001) in the mixed cohort ( Fig. 2A) , and an even stronger correlation in the critically ill cohort only (Pearson's product-moment correlation coefficient at 0.83, p < 0.001) (Fig. 2B) . In the critically ill cohort, 27.3% (n = 9) had a detectable PEth level but undetectable BAC. Of those patients with undetectable BAC but detectable PEth level, approximately half (n = 4) screened positive for any level of alcohol misuse. No associations between race, sex, or age and any measure of alcohol misuse were found in logistic regression analyses. The area under the ROC curve for PEth as a continuous measure was 0.927 (95% CI: 0.877, 0.977) for any level of alcohol misuse, and 0.906 (95% CI: 0.850, 0.962) for severe alcohol misuse, defined by the AUDIT reference in the analysis for the mixed cohort. Similarly, using the AUDIT-C as a reference, the area under the ROC curve for PEth was 0.948 (95% CI: 0.910, 0.956) for any level of alcohol misuse and 0.919 (95% CI: 0.856, 0.971) for severe misuse (Fig. 3A-D) . In the critically ill cohort only, the area under ROC curve was similar to the mixed cohort for alcohol misuse (0.929; 95% CI: 0.847, 1.000). The area under the ROC curves for PEth by both AUDIT and AUDIT-C reference and across the subgroups of age, sex, and race are shown in Table 2 . Fig. 1 . Boxplots of PEth levels by AUDIT categories of alcohol misuse. Boxplot type and summary statistics for alcohol misuse by PEth levels. The lower (Q1) and upper (Q3) quartiles representing observations are the boxes; the median observation is the horizontal line through box. Data falling outside Q1-Q3 range are plotted as outliers of the data. Limit of detection is 2 ng/ml for percentage of PEth undetectable. No misuse is AUDIT <5 and <8 for females and males, respectively. Moderate misuse is AUDIT score 5 to 12 and 8 to 15 for females and males, respectively. Severe misuse is AUDIT score ≥13 and ≥16 for females and males, respectively. AUDIT ≥13 in females and ≥16 in males. Characteristics are represented as medians with interquartile ranges for continuous variables by cohort, and analyzed using Wilcoxon rank-sum tests. The associations between study cohort and categorical variables were assessed using chi-square or Fisher's exact tests.
The optimal PEth cut-points to discriminate any level of alcohol misuse and severe alcohol misuse were derived from the mixed cohort. The PEth cut-point of ≥250 ng/ml provided optimal discrimination for any level of alcohol misuse, while a cut-point ≥400 ng/ml provided optimal discrimination for severe alcohol misuse. The positive predictive value for PEth ≥ 250 ng/ml to identify any level of alcohol misuse via AUDIT was 88.7% (95% CI: 77.5, 95.0) and the negative predictive value was 86.7% (95% CI: 74.9, 93.7) ( Table 3) . PEth ≥ 400 ng/ml achieved a positive predictive value at 83.0% (95% CI: 69.7, 91.5) and a negative predictive value at 92.8% (95% CI: 83.2, 97.3) for severe alcohol misuse by AUDIT. Areas under the ROC curves were similar when these cut-points were applied to the AUDIT-C definitions for any level of alcohol misuse and for severe alcohol misuse as well. A range of PEth cut-points with their respective test characteristics are shown in Table 4 .
In the critically ill cohort, the positive predictive values for PEth ≥ 250 ng/ml for any level of alcohol misuse and PEth ≥ 400 ng/ml for severe alcohol misuse were similar to the mixed cohort at 88.9% (95% CI: 50.7, 99.4) and 83.3% (95% CI: 61.8, 94.5), respectively. The negative predictive values were also similar at 83.3% (95% CI: 36.5, 99.1) and 92.6% (95% CI: 74.2, 98.7). The complete test characteristics are displayed in Table 3 .
DISCUSSION
Using the AUDIT and AUDIT-C as reference standards, PEth is a strong predictor and carries good discrimination for identifying any level of alcohol misuse in a mixed cohort that includes critically ill patients. The derivation of cutpoints at 250 ng/ml for any level of alcohol misuse, and 400 ng/ml for severe alcohol misuse, carried good test characteristics with negative predictive value and positive predictive value at or above 83%. We also demonstrated that the overall cut-points performed similarly in the cohort of critically ill patients only, although with greater variability in precision and a lower sensitivity and positive predictive value. The results we observed provide information regarding optimal cut-points to discriminate alcohol misuse in critically ill patients and may help to better identify misuse as a comorbid condition.
Alcohol misuse is frequently present in critically ill patients with reports ranging between 12% and 35% depending on the hospital setting. These patients have higher rates of sepsis, organ failure, and hospital mortality (O'Brien et al., 2007; Rivara et al., 1993) . Deriving and validating cut-points of PEth allows providers to identify patients at-risk for poor outcomes associated with alcohol misuse (Afshar et al., 2014 (Afshar et al., , 2015 Clark et al., 2013; Mokdad et al., 2004; Rivara et al., 1993) . Studies in critically ill patients have used the AUDIT to identify alcohol misuse and it remains a commonly accepted method implemented in SBIRT programs to target resources toward patients with misuse. A small cohort study performed in an emergency department using the AUDIT as a reference produced an area under the ROC curve for PEth at 0.672 but did not report cut-point levels (Kip et al., 2008) . These results may have differed from the results in our critically ill cohort because the authors examined patients in the emergency department and excluded those with any illicit drug use, an elevated BAC, presence of liver disease, and self-report may be less reliable in the emergency department.
PEth has repeatedly demonstrated both good sensitivity and specificity for multiple patterns of alcohol consumption, outperforming indirect biomarkers (i.e., CDT, GGT, MCV, aspartate aminotransferase) (Hartmann et al., 2007; Walther et al., 2015) without confounding by comorbidities or demographics (Stewart et al., 2009 (Stewart et al., , 2014 . We examined the area under the ROC curve and test statistics for PEth and found similar discrimination across age, sex, and race subgroups. Good diagnostic accuracy remained even after restricting In the cohort of 33 critically ill patients, a positive correlation is shown between the AUDIT score (scale 0 to 40) and PEth levels (ng/ml) with Pearson's product-moment correlation coefficient at 0.83 (p < 0.001). (B) Correlation between AUDIT and PEth in the full cohort. In the mixed cohort of 122 individuals, a positive correlation is shown between the AUDIT score (scale 0 to 40) and PEth levels (ng/ml) with Pearson productmoment correlation coefficient at 0.52 (p < 0.001).
analyses to the critically ill group alone. Areas under the ROCs above 90% for PEth in this study are among the highest reported in the literature but will require further validation in a larger sample size of critically ill patients. Few patients without a quantifiable PEth level were labeled as alcohol misusers, reflective of the near-perfect specificity that has been described previously (Wurst et al., 2015) .
The large majority of the evidence around PEth has involved drinking experiments and target-specific patterns of alcohol consumption. Our derived cut-point at 250 ng/ml for any level of alcohol misuse was designed to represent a myriad of alcohol consumption patterns that are harmful. The case mix of alcohol use in hospitalized patients is complex with cross-over between both acute and chronic alcohol use. The PEth cut-points derived in this study are not intended to differentiate between specific patterns of alcohol consumption such as binge or daily heavy use, but rather they identify patients with alcohol behaviors indicating misuse and likely to be associated with a deleterious impact on outcomes. Drinking experiments with heavy daily consumption have been associated with lower PEth levels than what we reported. In 1 study, binge consumption to 100 mg/dl daily for 5 consecutive days yielded PEth levels that range between 74 to 237 ng/ml between days 3 and 6 (Gnann et al., 2012) . Another study of inpatients and outpatients with liver disease demonstrated 91% sensitivity and 77% specificity for a PEth cut-point at 80 ng/ml approximating 4 drinks daily (Stewart et al., 2014 ) that may constitute alcohol misuse. Other studies around repeated, moderate to heavy alcohol consumption have identified cut-points between 210 and 700 ng/ml with differences due to consumption patterns (Helander and Hansson, 2013; Schrock et al., 2016) . Prolonged alcohol exposures in community settings outside of drinking experiments have generated PEth levels around 500 ng/ml Wurst et al., 2015) . The levels of PEth in alcohol-dependent individuals admitted for detoxification vary between clinical studies. A recent metaanalysis reported a mean level around 2,400 ng/ml, much higher than our cohort's median level around 900 ng/ml (Viel et al., 2012) . Other factors regulating the synthesis and elimination of PEth may further contribute to variance among individuals (Hahn et al., 2016) . Our application is unique among these published investigations in that values were measured in critically ill patients and were reflective of alcohol misuse according to AUDIT scores obtained in parallel.
Many aspects of testing are attractive for clinical application. The DBS method is straightforward and samples can be preserved at room temperature without altering their integrity. Research staff in our study were trained by a short instructional video on collection. PEth levels from 1 study demonstrated consistency in measurements between capillary DBS, whole blood, or venous DBS (Kummer et al., 2016) allowing for multiple routes of blood collection, and PEth can be assayed as soon as 60 minutes after alcohol PEth for predicting severe alcohol misuse per AUDIT-C reference. consumption (Gnann et al., 2012) . Finally, unlike wholeblood venipuncture, PEth does not continue to increase after DBS collection in individuals that had an elevated BAC at the time of blood draw (Schrock et al., 2014) . Several limitations apply to this study. Our use of the AUDIT as the reference standard was intended to follow its application in SBIRT programs across the United States, but the AUDIT as a reference poses its own potential problems as it is subject to recall bias and selfreport may be flawed. Spectrum bias may be present in our mixed study cohort that included healthy volunteers and individuals with known heavy alcohol consumption. This is supported by a much weaker correlation between PEth and AUDIT in the mixed cohort than in the critically ill cohort only. However, we demonstrated similar discrimination for alcohol misuse in the cohort of critically ill patients compared to the mixed cohort, but the precision (95% CI) was lower likely due to the small sample size. Therefore, our results should be interpreted with caution as the sample does not fully represent all drinking patterns with robust sample size. Additionally, other direct biomarkers may also be useful in this setting that include ethyl glucuronide and ethyl sulfate.
CONCLUSION
This is the first study to address the role of PEth in a cohort including critically ill patients. We demonstrate good diagnostic accuracy for PEth in discriminating alcohol misuse with useful cut-points to risk stratify patients. Further validation in a more representative sample of critically ill patients is needed prior to clinical and research application.
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